Noise produced by aerodynamic interaction between a circular cylinder (rod) and an airfoil in a tandem arrangement is investigated numerically using incompressible large eddy simulations. Quasi-periodic shedding from the rod and the resulting wake impinges on the airfoil to produce unsteady loads on the two geometries. These unsteady loads act as sources of aerodynamic sound and the sound radiates to the far-field with a dipole directivity. The airfoil is set at zero angle of attack for the simulations and the Reynolds number based on the rod diameter is Re d ¼ 48 K. Comparisons with experimental measurements are made for (a) mean and root mean square surface pressure on the rod, (b) profiles of mean and root mean square streamwise velocity in the rod wake, (c) velocity spectra in the near field, and (d) far-field pressure spectra. Curle's acoustic analogy is used with the airfoil surface pressure data from the simulations to predict the far-field sound. An improved correction based on observed spanwise coherence is used to account for the difference in span lengths between the experiments and the simulations. Good agreement with data is observed for the near-field aerodynamics and the far-field sound predictions. The straight leading edge airfoil is then replaced with a test airfoil with a serrated leading edge geometry while maintaining the mean chord. This new configuration is also analyzed numerically and found to give a substantial reduction in the far-field noise spectra in the mid-to high-frequency range. Source diagnostics show that the serrations reduce unsteady loading on the airfoil, reduce coherence along the span, and increase spanwise phase variation, all of which contribute to noise reduction.
Introduction
Aerodynamic noise is a by-product of most engineering machines, e.g., aircraft, gas turbines, and household fans. Noise can be either tonal, in which case the acoustic energy is limited to a few discrete tones, or broadband, in which case the energy is spread across a wide range of frequencies. Flow turbulence is often the source of broadband aerodynamic noise. The wide range of time scales of turbulent eddies results in noise that is produced over a wide range of frequencies. Until recently, such broadband noise sources were estimated using approximate models for the flow turbulence energy spectrum, which is typically scaled using the turbulence kinetic energy and the integral length scale in the problem. These parameters are obtained by solving the Reynolds-averaged Navier-Stokes (RANS) equations, which are computationally much less expensive to solve than simulations that resolve every minute detail in the flow (e.g., direct numerical simulations). Large-scale computing has now become available to researchers, which allows direct computation of the full range of length and time scales important for sound generation and propagation. Such an approach gets rid of the modeling assumptions required in simpler models and thus provides more accurate predictions. The large eddy simulations (LES) technique is one such computational method that is becoming increasingly popular for noise prediction from engineering machines. Noise computation of a model engineering problem is presented here using LES.
The model problem is to compute the noise produced due to the aerodynamic interaction between a circular cylinder (rod) and an airfoil (see Figure 1 ). The rod is placed upstream (in tandem) of the NACA 0012 airfoil. Wake/vorticity shed from the rod convects with the flow and impinges on the downstream airfoil. This impingement (oftentimes characterized by the upwash on the airfoil) produces unsteady lift on the airfoil, which radiates as noise, as seen in Figure 1 (b). At Re d ¼ 48,000, quasi-periodic vortex shedding is expected behind the rod, which gives rise to tones at the vortex shedding frequency (Strouhal number, St $ 0. 19) and its harmonics. In addition, the turbulence in the vortices and the wake generates broadband noise. The resulting noise spectrum has a broadband ''floor'' above which tones with broadened peaks are observed at the shedding frequency and its harmonics. This problem was experimentally investigated by Jacob et al. 1 and has been widely used by various researchers to benchmark their codes' capability and accuracy. The measurements 1 include Figure 1 . Snapshots from a compressible LES simulation by Agrawal and Sharma 2 for the rod-airfoil problem: (a) hydrodynamic flow field illustrated using iso-surfaces of Q-criterion (Q ¼ 25) with contours colored by the magnitude of density gradient, and (b) far-field acoustics shown using fluid dilatation, r:v.
wake and boundary layer profiles (mean and turbulent statistics), near-field velocity spectra, and far-field noise.
Literature review
A number of numerical studies have been carried out for the specific rod-airfoil configuration considered here. Casalino et al. 3 was the first to numerically investigate this problem using unsteady RANS simulations. The simulations were two-dimensional (2D) and threedimensional (3D) effects on noise were modeled using a statistical model coupled with the Ffowcs Williams-Hawkings (FW-H) acoustic analogy. The statistical model was calibrated using the experimental data.
The LES technique has also been used to model this problem. Boudet et al. 4 reported the first LES computations for this benchmark problem. It used finite-volume, compressible LES on multi-block structured grids. Far-field noise was obtained by coupling the nearfield data with a permeable FW-H solver. Berland et al. 5 performed direct noise computations using high-order, compressible LES on overset structured grids. They also investigated the effect on noise of varying the spacing between the rod and the airfoil. Eltaweel and Wang 6 used an incompressible LES solver coupled with a boundary element method to predict far-field noise. An unstructured mesh composed of 22.3 million cells was used. Their results showed very good agreement with data for near-field flow measurements as well as far-field acoustics.
Giret et al. 7, 8 used a compressible LES solver with a fully unstructured grid. Far-field noise was predicted using an advanced-time formulation of the FW-H acoustic analogy. 9 They used both porous and impermeable (on the rod and airfoil surface) boundary approaches for evaluating the FW-H boundary integral and found little difference in the predicted noise. They also numerically investigated the effect of offsetting the airfoil in the cross-stream direction by the small amount observed in the experiments. That however did not significantly improve the agreement with the measured wake and velocity profiles. Jiang et al. 10 carried out a parametric study with different distances between the rod and the airfoil using high-order implicit LES. The far-field noise was predicted using the FW-H acoustic analogy.
This article presents an aeroacoustic analysis of the rod-airfoil problem using incompressible LES. Two different airfoil geometries are analyzed: one with a straight leading edge as in the experiments and the other with a serrated leading edge. Near-field hydrodynamics and far-field acoustic results are compared against measured data where available for the straight-edge case.
The pimpleFoam solver from OpenFOAM is used as the LES solver. Unsteady pressure on the airfoil surface is extracted from the simulations and used with Amiet's formula, 11 which extends Curle's theory to predict noise from distributed dipole sources over a thin airfoil. It should be emphasized that Curle's analogy is used in the most general sense and no approximations, e.g., thin-airfoil theory for computing lift and isotropic turbulence, typically associated with Amiet's theory are made here. A frequency-based correction given by Seo and Moon 12 is utilized to account for the difference in the airfoil span lengths between the simulation and the experiment. Curle's analogy to predict far-field noise for this rodairfoil configuration has not been utilized before in available literature.
Previous experimental and numerical investigations [13] [14] [15] [16] [17] have shown substantial reduction in inflow turbulence (broadband) noise with the use of leading edge serrations. Almost all these investigations have used homogeneous and grid-generated turbulence. In this article, we analyze the effectiveness of leading edge serrations in mitigating noise for the rod-airfoil configuration. The use of leading serrations for this configuration has not been numerically investigated before. The numerical approach to analyze the serrated case is the same as that used for the straight-edge case. Figure 2 shows a non-dimensional schematic of the rod-airfoil problem where length is nondimensionalized by the airfoil chord. Also, velocity and density are non-dimensionalized by the speed of sound and the freestream density, respectively. The rod and the airfoil are placed in tandem along the x direction, the span direction is along the z axis, and the y direction is given by the right-hand rule.
Numerical setup
In the experiments by Jacob et al., 1 two different rod diameters were tested. In this article, we focus on the experiment with the rod diameter, d ¼ 0.1 Â c, where c is the airfoil chord. Measurements were made for several Reynolds numbers and we limit our focus to Re d ¼ 48 K (based on d) since at that Re, broadband noise contribution is apparent in the data. The distance between the rod trailing edge and the airfoil leading edge is equal to the airfoil chord c.
The airfoil is set at zero angle of attack in the simulations, as was intended in the experiments. However, based on the measured data, Jacob et al. 1 suspect that in the experiments, the airfoil might have been at a slight ($2 ) angle of attack and slightly offset in the y direction. These geometric anomalies are not incorporated in the numerical model as a previous study 8 has shown that their effect on the far-field OASPL is less than 1 dB at 90 . Figure 3 shows a cross-sectional view of the mesh with the gridlines shown in the bottom half and only the block boundaries shown in the upper half. The far-field computational boundary (not shown) is nearly circular with a radius of approximately 11 Â c. The geometry is essentially 2D and is extruded in the third, spanwise direction to obtain a 3D mesh. A reduced span length of 0.3 Â c is used in the simulations to reduce the mesh size and computation time. This choice is guided by previous works, [4] [5] [6] which also used partial span (0.3 Â c) domain in their simulations. ''Frequency-Dependent Correction'' section of this paper discusses the aeroacoustic implications of this choice. In order to compare with the measurements, the predicted noise spectra are scaled using the approach by Seo and Moon 12 to account for the difference in span lengths between the experiments and simulations.
Computational mesh
A fully structured mesh generated using Pointwise (www.pointwise.com/pw) is used for the simulations. A planar mesh is first generated in the z ¼ 0 plane, which is then repeated along the span with a uniform spacing to obtain the 3D mesh. The planar mesh is generated in three steps. The first step involves extruding the curves that define the rod and airfoil surfaces in the surface normal directions. This process yields high-quality orthogonal quadrilateral elements which are suitable for resolving wall boundary layers. The second step is to create quadrilateral elements between the rod and airfoil that are fine enough to capture the rod wake accurately. This is done by creating two parabolic curves, one each on the upper and lower sides, between the outer boundaries of the earlier extruded domains. These parabolic curves are then filled with quadrilateral elements with aspect ratio of nearly 1. The final step requires a closed curve encompassing the three domains: the rod and airfoil boundary layer regions and the rod wake region. In the final step, this closed curve is extruded normally until the outer radius is about 11 Â c. This process gives a good quality mesh throughout the domain. Figure 3 shows a zoom view of the final 2D mesh in the z ¼ 0 plane.
The blocking structure and the grid density are designed to resolve (a) the turbulence in the rod wake in the gap region, (b) the boundary layer on the rod, and (c) the boundary layer on the airfoil. The first cell height on the airfoil and the rod is chosen such that
where v is the fluid kinematic viscosity, w is the wall shear stress, and is the fluid density. This is a conservative estimate, since such small first cell height is required for resolving wall boundary layers. The problem under investigation is the interaction of the turbulence in the rod wake with the airfoil. Hence, accurate resolution of the turbulence generated in the airfoil boundary layers is not of paramount importance. This conservative approach was still taken however with the intent that in the future, the same grid could be used to study ''self'' (trailing edge) noise from this airfoil and a comparison could be made between ''self'' noise and inflow (coming from rod wake) turbulence noise.
The total number of cells in the computational mesh is approximately 19 million. There are five boundary surfaces: rod, airfoil, two periodic and one far-field. Mesh quality metrics are as follows: the maximum cell aspect ratio is 169, the maximum mesh non-orthogonality is 30. 5 , and the maximum skewness is 0.65.
Flow conditions and non-dimensionalization
The simulations are setup in non-dimensional variables denoted by the overhead tilde and the freestream values are used for non-dimensionalization. Therefore, the non-dimensional freestream density ( 
Incompressible flow solver, pimpleFoam
Equation (1) gives the filtered Navier-Stokes equation for incompressible LES computations, 18 where, ðbÞ and
SGS ij
ð¼ d u i u j Àû iûj Þ represent a homogeneous LES filter and subgrid stress, respectively. The governing equations are the continuity and momentum equations, written in differential form here as
The subgrid stress (
) cannot be computed directly and requires modeling. Equation (2) gives the standard Smagorinsky 19 model which is an eddy viscosity type model to compute the subgrid stresses, where S ij ð¼ ð@û i =@x j þ @û j =@x i Þ=2Þ is the rate-of-strain tensor that can be directly computed.
The transient, incompressible flow solver, pimpleFoam is used in LES mode with subgrid stresses computed using equation (2) . The continuity and momentum equations (equation (1)) are solved using the PIMPLE algorithm, which is a combination of the pressure-implicit split-operator (PISO) algorithm 20 and the semi-implicit method for pressure linked equations (SIMPLE) algorithm. 21 The PIMPLE algorithm allows the Courant Friedrichs Lewy (CFL) number to be greater than unity while still maintaining numerical stability. A second-order implicit scheme is used for time marching and a time step of 0.005 is chosen.
The flowfield is initialized with the non-dimensional velocity,ũ 1 ¼ 0:2, gauge pressure set to zero, and kinematic viscosity specified as ¼ 4:2 Â 10 À7 . At the outer boundary, the velocity switches between zero gradient for outflow and fixed (prescribed) value for inflow. The boundary condition for pressure is zero gradient, which fixes the flux across the boundary using the freestream velocity. Gaussian integration with linear central differencing interpolation is used to compute gradients, Laplacian, and divergence terms. Divergence for the convective term is computed using linear upwind differencing interpolation.
Far-field noise prediction
Time-resolved pressure data on the airfoil surface is used with Curle's analogy to predict farfield noise. Curle's analogy can be used to predict noise radiation due to surface (dipole) sources. Due to the small flow Mach number in this problem, the noise sources are primarily the unsteady forces (dipoles) on the airfoil and the rod. Hence, the use of Curle's analogy to compute far-field sound is justified. The contribution to far-field noise from off-surface (quadrupole) sources has been shown to be significant only at very high (St > 1) and very low (St < 0.05) frequencies. 8 Giret et al. 8 showed that the quadrupole sources have little effect on the overall sound pressure level (OASPL). Eltaweel and Wang 6 also ignored the volume sources in their prediction methodology.
Pressure data are collected on the airfoil surfaces at a high sampling rate after the initial transients have been removed from the simulations. Using this surface pressure data, the unsteady lift per unit area (difference in pressures, Ápðx, z, tÞ between the upper and the lower surfaces of the airfoil) is computed for all points (x, z) on the blade (airfoil) planform at each time, t. Note that x is along the chord and z is along the span. Amiet 11 used the idea that far-field acoustic response can be computed by assuming dipole sources in place of unsteady surface loads and gave the following expression for sound power spectral density (S pp ) for acoustic pressure at any given point ðx 0 , y 0 , z 0 Þ in the far-field
where
, is the spanwise separation, and Sis the cross power spectral density (PSD) of predicted unsteady pressure difference (Áp) between any two points (x 1 , z 1 ) and (x 2 , z 2 ) on the planform. Sis computed using Welch's average periodogram method 22 for all point pairs and is then used with equation (3) to numerically compute the far-field S pp . Theoretical background on the spectral analysis used here is provided in Appendix 1.
Kato's correction
The span length of the rod-airfoil assembly simulated in the present calculations is smaller than the experimental model. The predicted far-field noise therefore has to be corrected before comparing with the measured data. The correction that needs to be applied to the predicted spectra depends on spanwise coherence. If we denote spanwise coherence length by L c and use subscripts s and e for the simulations and the experiment respectively, then equation (4) can be used for comparing the measured and the predicted spectra.
Equation (4) assumes that there is perfect correlation over the span length of L c , outside of which, the correlation drops identically to zero. This 'box-car' simplification by Kato and Ikegawa 23 is often used. The span length of the rod and airfoil assembly in the simulations (L s ) is three times the rod diameter (d), i.e., L s ¼ 3d, which is one-tenth of the span length of the model used in the experiment, i.e., L e ¼ 10L s . Assuming that the correlation length L c is less than L s , the correction required is
The spanwise correlation length in this problem is a strong function of frequency: the correlation length is very large at the peak shedding frequency and its harmonics but small at other frequencies. This highlights the need for a frequency-dependent spancorrection for noise prediction. This issue and a potential resolution are discussed in ''Frequency-Dependent Correction'' section.
Results and data comparisons
The phenomena of interest in the problem under investigation are unsteady but statistically stationary. The interest is not in transient phenomena such as instantaneous/impulsive start of the rod/airfoil combination. In the experiments, the wind tunnel was started and the rig allowed to reach a statistically stationary state before measurements were taken. Similarly, the computations have to reach a statistically stationary state before any unsteady data can be gathered from the simulations. Removal of initial transients from the computational domain is therefore required before meaningful results can be sampled. The time period of wake shedding from the cylinder for Re d ¼ 48,000 is approximately 2.6 non-dimensional time units. The data collection began after 40 time units and then sampled for approximately 40 shedding periods (approximately 104 time units) in the simulation. These data are used for the statistical analysis presented in the following sections.
Mesh sensitivity study
A mesh sensitivity study is carried out with three mesh sizes comprising of 10-, 19-, and 64-million cells. The different meshes are generated by refining the grid in the wall-normal and streamwise directions while maintaining the spanwise grid count at 80. The first cell height is maintained to give a y + of unity when refining in the wall-normal direction. Figure 4 plots the results of the mesh sensitivity study. The PSD of the x-component of velocity (S uu ð!Þ) at point A ðÀ0:87c, 0:05cÞ is shown in subplot (a). Subplots (b) and (c), respectively, show the predicted mean ( " C P ) and root mean square (rms) (C P,rms ) of the coefficient of pressure on the rod surface. All these quantities are averaged along the span in the plots. Grid convergence is observed beyond the 19-M mesh in the hydrodynamic spectra in the cylinder wake as well as in the mean surface pressure on the cylinder surface (see Figure 4 (a) and (b)). There is, however, a perceptible dependence on mesh in predicting the rms of aerodynamic pressure on the cylinder surface (Figure 4(c) ). Since the noise source of interest here is due to the cylinder wake interacting with the airfoil, and the fact that no statistically significant change is observed in the cylinder wake velocity spectra by increasing the mesh beyond 19 M cells, the 19-M mesh is deemed sufficient to study aerodynamic noise for this problem and to investigate aeroacoustics effects of serrations on the airfoil. Furthermore, the wall-clock times for simulating a unit non-dimensional flow time using 128 processors for the 10 M, 19 M, and 64 M cell meshes are 759, 2315, and 34,569 s, respectively. The wall-clock time increases by a factor of 15 as the mesh size increases from 19 M to 64 M. This large increase coupled with limited parallel scalability of the flow solver (OpenFOAM does not scale beyond 512 processors) make it intractable to attempt a larger mesh size.
Based on the mesh sensitivity study, the 19-M mesh simulation results are used for experimental validation described in the following section.
Experimental validation
Rod surface pressure statistics. Pressure distributions on the rod and airfoil surfaces are obtained by averaging the time-accurate data (sampled over 40 shedding periods) in time as well as in space (along the span direction). The mean pressure coefficient, " C P , and the root mean squared pressure coefficient, C P,rms , for the rod are obtained using this averaging procedure and compared against measurements in Figure 5 for the rod. The pressure coefficients are plotted w.r.t. angle measured from upstream. Thus, 0 and 180 denote the rod leading and trailing stagnation points, respectively. Figure 5 (a) shows that the expected value of 1 is obtained for " C P at the rod leading stagnation point after which " C P drops steadily until the peak negative value is reached at 70
. The peak location predicted by OpenFOAM matches with the experimental data from Norberg. 24 Two sets of data from Norberg 24 are shown, which correspond to Re d of 20,000 and 60,000. The agreement between the predictions and the measured data is very good. X-velocity statistics in rod wake. Figure 6 compares profiles of the mean and the rms of the x-component of velocity in the rod wake at x ¼ À0.255 c. The momentum deficit and turbulence intensity in the wake are slightly over predicted. The measured profiles show a shift in the y direction, which is due to the slight offset in the experiment as noted in Jacob et al. 1 The predicted profiles are symmetric about the y ¼ 0 plane since this offset is not modeled in the simulations.
X-velocity spectral comparisons. Measurements of near-field PSD of velocity are available at a few locations close to the rod and the airfoil. PSD and other related quantities are defined in Appendix 1. The predicted near-field velocity spectra are compared against the measured data at two locations. These are marked as ''A'' and ''B'' in Figure 2 . Instantaneous velocity data were gathered from the simulations at the two locations for 135 periods of wake shedding. The spectra were computed at all spanwise locations and averaged. Figure 7 shows the axial velocity PSD comparisons at points ''A'' and ''B.'' Two essential features of the measured spectra, (1) the spectral peak amplitude at St $ 0.19 and (2) the decay beyond the spectral peak, are captured well by the predictions. The second and third harmonics are also captured in the simulations. In Figure 7 and all subsequent spectra plots, this wake shedding frequency (St $ 0.19) is denoted by f 1 and its second, third, and fourth harmonics by f 2 , f 3 , and f 4 , respectively. The Strouhal numbers corresponding to f 1 , f 2 , f 3 , and f 4 are 0.19, 0.38, 0.57, and 0.76, respectively. The magnitude of the spectral peak improves for 64 million meshes. However, the magnitude of the spectral peak for far-field noise does not improve with 64 million meshes. This along with the unrealistic estimate for computational time for a similar fine mesh for serrated leading edge geometry discourages the usage of such a fine mesh for the present study.
Far-field spectra. Figure 8 compares the predicted far-field acoustic pressure PSD against the data measured at a point directly above the airfoil leading edge at a distance of 18.5 c. The predictions are made using Curle's analogy with the pimpleFoam simulation data and the default span-length correction given in equation (5) in Figure 8 is obtained by spectral averaging over multiple time segments to reduce statistical scatter. The spectral peak frequency (f 1 ) and the spectral fall-off for f > f 1 are reasonably well captured by the simulations; however, the peak amplitude is underpredicted. ''FrequencyDependent Correction'' section discusses this issue in detail and describes a method to improve the prediction accuracy.
Spectral properties of unsteady lift Figure 9 shows contours of PSD of the unsteady pressure difference across the airfoil surface. The abscissa and the ordinate denote the location along the chordwise direction and Strouhal number, respectively. Figure 9 (a) shows that the highest unsteady pressure difference is concentrated towards the leading edge for 0 < St < 0.5, and near the peak shedding frequency (St $ f 1 ), a large region of the airfoil (up to x/c $ 0.7) also shows high levels of unsteady pressure difference. Figure 9 (b) is plotted with the abscissa on a log scale to highlight the PSD distribution near the leading edge. The maximum value of the PSD is found at x/c ¼ 0.00647. This illustrates the maximum noise source strength location. This chordwise location is used as a representative source position to study spanwise coherence later in ''Far-field Sound Spectra'' section.
Frequency-dependent correction
The correction suggested by Kato and Ikegawa 23 to account for differences in span lengths between experiments and simulations was enhanced by Seo and Moon 12 by recognizing the dependence of spanwise coherence on frequency. Figure 10 (5)) is compared with measured data.
Strouhal number (frequency) for this problem. Very high correlation is observed near the peak frequency f 1 , but it steeply drops off at other frequencies.
The formula to correct the predicted sound pressure level for mismatched span lengths given by Seo and Moon 12 is
where L s , L c (!), and N, respectively, are the simulated model span length, the frequencydependent spanwise coherence length, and the number of simulated lengths required to match the long-span used in experiments (L e ), i.e., N ¼ L e =L s . Figure 11 shows a schematic comparing the two span lengths where N-sections of simulated length (L s ) are repeated to match the experimental length (L e ). In the present simulations, L s ¼ 0:3c, L e ¼ 3c and thus N ¼ 10. Square root of the spanwise coherence is assumed to follow a Gaussian distribution with separation distance (Áz) as in equation (7). The method of least squares is used to fit the predicted coherence ( 2 ð, StÞ) data, shown in Figure 10 (a), with equation (7) to obtain L c ð!Þ for each frequency. Gaussian fits are shown along with the data for a few frequencies in Figure 10(b) .
Using equation (6) with the spanwise coherence lengths computed to fit Gaussian distribution at each frequency gives the required correction in the predicted sound pressure spectral density, S pp . The correction in spectral density (dB/Hz) as calculated using equation (6) is shown in Figure 12 (a). The measured far-field noise spectra are compared with the predictions made this new correction as well as that computed using the constant correction of equation (5) in Figure 12 (b). The prediction for peak amplitude is substantially improved using the frequency-dependent span-length correction.
Noise mitigation using serrations
Serrations have been shown to be effective in reducing blade aerodynamic noise. [13] [14] [15] [16] [17] Blades with serrated trailing and leading edges have been used to mitigate corresponding edge noise sources. The focus of past numerical investigations on leading edge (inflow turbulence) noise mitigation has been on homogeneous, grid-generated turbulence. Here, we investigate one serration geometry to mitigate aerodynamic noise for the rod-airfoil configuration. The baseline NACA 0012 airfoil is replaced with a corresponding airfoil with leading edge serrations. The leading edge of the serrated airfoil is defined in equation (8) (¼0.3 c) as for the baseline geometry, which accommodates one wave of the serrations in the simulated domain; periodic boundary conditions are employed in the span direction as for the baseline geometry.
x LE ðzÞ ¼ À0:06c cosð2z=ð0:3cÞÞ, 0 5 z 5 0:3c ð8Þ Figure 13 shows the serrated blade geometry. It has the longest chord (serration peak) at the two spanwise ends, the shortest chord (valley) in the middle, and the mean chord is kept equal to the baseline airfoil chord to maintain aerodynamic similarity between the two geometries. The surface is generated by scaling the ''front'' portion of the airfoil at each spanwise location by the corresponding chord length. The ''front'' portion is defined as the region between the leading edge and the maximum thickness location (0 x 0:3c). Restricting the modifications to this region ensures that the serrations directly affect the flow only in the favorable pressure gradient region of the airfoil. Equation (9) is the thickness distribution of the serrated wing geometry, where the function, f(x) specifies the thickness of the baseline NACA 0012 airfoil for 0 x c. Equations (8) and (9) together completely define the serrated airfoil geometry. 
The meshing strategy for the serrated geometry is different from the baseline geometry as it is highly 3D. Keeping the same boundary layer block for the rod, a 3D hyperbolic normal extrusion is performed starting from the surface of the serrated wing to the constructed boundary layer block around the wing. As in the baseline case, parabolic curves are created Figure 12 . Comparison of measured far-field noise against predictions with span corrections: (a) coherence-based correction as computed using equation (6), and (b) span-corrected spectra compared against measurements. In (b), ''Constant correction'' refers to Kato's correction (equation (5)) and ''Frequencydependent'' refers to the coherence-based correction given by equation (6) .
between the rod and the wing boundary layer blocks and cells are created between the two boundary layer blocks. For the last step, the outermost surfaces of these blocks are collectively extruded normally to the far-field, which is nearly circular with a radius of 11 c. The mesh has roughly 19 million cells, which was found to be sufficient in the mesh sensitivity study (see ''Mesh Sensitivity Study'' section). However, because of higher three dimensionality, this mesh has poorer orthogonality for the hexahedra cells in comparison to the mesh for the baseline geometry. This problem is addressed by employing additional pressure correction loops in the flow solver.
Far-field sound spectra Figure 14 compares the predicted far-field sound pressure spectral densities for the baseline and the serrated leading edge geometries. A clear reduction in radiated broadband noise is observed at mid to high frequencies with the leading edge serrations; however, the peak Figure 14 (b). Integrating over the frequency gives an OASPL reduction of about 1.5 dB with the serrated leading edge geometry. We investigate the airfoil unsteady surface pressures to diagnose the physical mechanisms behind noise reduction. Figure 15 compares the noise sources (PSD of difference in pressure between the pressure and suction sides of the airfoil, ÁP) at the peak frequency, St ¼ 0.19 between the baseline and the serrated leading edge geometries. Figure 15 (a) and (b) compares the magnitudes of the power spectral densities on the blade planform. While the peak magnitudes are located close to the leading edge, a substantial portion of the blade contributes to the radiated noise in both geometries. For the serrated blade geometry, there is a spanwise variation in S pp magnitude near the leading edge-it is maximum around the peaks and the valley and minimum in-between. Figure 15 (c) and (d) compares the coherence, 2 (normalized magnitude of two-point spatial correlation) between the two airfoil geometries at the peak frequency. The reference points used to evaluate coherence are selected to be the points where the S pp is maximum and these are found to be (0.00647 c, 0.148 c) and (0.06543 c, 0.147 c) for the baseline and the serrated airfoil geometry, respectively. The plots show that there is a very strong spanwise correlation at this frequency, as discussed previously in ''Frequency-Dependent Correction'' section. Also, the correlation along the chord is also very high, suggesting that the entire airfoil is radiating in unison. The wavelength of the sound radiated at St ¼ 0.19 is 5.56 c, which is large compared to the source length scale, suggesting that the noise source could be treated as compact for the peak frequency radiation. One could therefore compute the integrated unsteady lift on the airfoil and use it as a point dipole source to approximate the peak noise radiation. Figure 16 draws a similar comparison at a higher frequency (St ¼ 0.35), which shows distinctively different features compared to the plots at St ¼ 0.19. For both geometries, the PSD of unsteady pressure difference is highly concentrated near the leading edge and much reduced, compared to the values at St ¼ 0.19. The spanwise variation is similar to St ¼ 0.19-maximum S pp near the peaks and the valley and minimum in-between. Figure 16 (c) and (d) compares the coherence between the two geometries using the same reference points as before. The coherence is seen to be high only for a small region around the reference point. The chordwise distribution suggests the noise source is localized near the leading edge (for frequencies away from St ¼ 0.19). It is further observed that the spatial region of high coherence reduces from the straight-edge case to the serrated-edge case. This spatial decorrelation contributes to the observed reduction in radiated far-field noise. These figures suggest that the reduction in farfield noise for the serrated case is caused both by the reduction in the unsteady pointwise lift and the reduction in the coherence region on the airfoil.
The region near the blade leading edge is examined in detail. Cross-spectral densities of Áp are evaluated on a curve along the blade span which is at a fixed distance from the blade leading edge. For straight leading edge case, this is a straight line with a distance of 0.00647 c from the leading edge. For the serrated leading edge case, it is a cosine curve with the same distance from the serrated (curved) leading edge. The distance of 0.00647 c is selected based on the finding in ''Spectral Properties of Unsteady Lift'' section that the maximum magnitude of Áp PSD on the airfoil planform occurs at that chordwise location. Figure 17 (a) and (b) contrasts the cross-spectral PSD drawn along the corresponding spanwise curves between the straight-edge and serrated-edge cases. The reference points to compute the PSDs are the same as used in Figure 16 . A decrease in magnitude is observed for the serrated case over straight leading edge case between St ¼ 0.4 and St ¼ 0.8, which corresponds to a reduction in the noise source strength. Figure 17 (c) and (d) shows the phase of the cross-spectra. Higher spanwise phase variation is observed for the serrated-edge case at almost all frequencies. This is further demonstrated in Figure 18 (a) and (b) by plotting the spanwise phase variation for a few selected frequencies. Higher spanwise phase variation for the serrated leading edge case is apparent in the plots. High phase variation reduces positive correlation over the coherent source region and, hence, leads to noise reduction via destructive interference at the observer. The concept of phase variation is utilized in the design of outlet guide vanes (OGVs) of turbomachines, which are swept backwards and lent in the circumferential direction, to reduce tonal noise from fan wake-OGV interaction. 26 In summary, the leading edge serrations are found to (1) reduce the unsteady pressure magnitude near the leading edge, (2) reduce the spatial coherence of the source region, and (3) increase spanwise phase variation. Each of these mechanisms contributes to the observed noise reduction. Quantification of relative contributions to the observed noise reduction by these mechanisms will be investigated in a future study.
Conclusions
Incompressible LES are used to analyze aerodynamic interaction between a rod and an airfoil in a tandem arrangement. The noise produced due to this interaction is analyzed using Curle's acoustic analogy. The incompressible solver, pimpleFoam, coupled with Curle's analogy is benchmarked for noise prediction, validated against the rod-airfoil case, and used to analyze noise mitigation through leading edge serrations. A mesh sensitivity study was conducted and a 19-million cell mesh was found to be sufficient for this noise prediction methodology. The predicted mean and rms velocity profiles and surface pressure, near-field velocity spectra, and far-field acoustic pressure spectra are compared with measurements.
The predictions of mean surface pressure on the rod surface are in good agreement with the experiments, with the rms pressure overpredicted by about 9%. Mean flow comparisons show moderate agreement where velocity deficit and turbulence intensity in the wake are slightly overpredicted. The predictions of velocity PSDs in the near-field match well with the data in terms of capturing the peak frequencies and the spectral fall-off. Far-field PSD comparisons with data are made by using Kato correction to account for the differences in the span lengths. Good agreement with the data is observed except for peak amplitude at the vortex shedding frequency (f 1 $ 0.19). The prediction of peak amplitude improves substantially by using the frequency-dependent correction methodology by Seo and Moon 12 with the coherence data from the simulation.
The noise prediction methodology is applied to a modified rod-airfoil problem where the leading edge of the airfoil is serrated; the serrations defined as a sinusoid. The serrations are found to be effective in the mid-to high-frequency range and provide a reduction of about 1.5 dB in the far-field OASPL. Analyses of surface noise sources suggest that following mechanisms contribute towards the observed far-field noise reduction: (a) the reduction in unsteady ÁP magnitude, (b) the reduction in spatial coherence over the source region, and (c) the increase in spanwise phase variation. Investigations to quantify the relative contributions of these different noise reduction mechanisms will be undertaken as part of a future study.
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